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Abstract 


The high susceptibility of elderly to severe acute respiratory syndrome-associated coronavirus (SARS-CoV) indicates how 
crucial it is to protect the elderly by various strategies. Aged BALB/c mice displayed a high susceptibility to SARS-CoV and have 
been a valuable platform for evaluation of strategies against SARS-CoV infection. In this study, we confirmed the validity of this 
model using various methods, and verified that equine anti-SARS-CoV F(ab’), can prevent aged animals from SARS-CoV 
infection. In a therapeutic setting, treatment with anti-SARS-CoV F(ab’), decreased viral load more than several thousand folds in 
the lungs. Thus, this antibody should be a potential candidate for treatment of elderly patients suffering from SARS. 
© 2006 Elsevier B.V. All rights reserved. 
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have not re-emerged since the initial outbreak in 2002 
and 2003 [1,2]. However, its mysterious animal origins 
[3] and strong infectivity necessitates further studies on 
how to control its replication in affected individuals. 
Retrospective studies have shown that elderly patients 
with SARS experienced high mortality and morbidity 
[4—9], suggesting that susceptibility to SARS-associated 
coronavirus (SARS-CoV) could be correlated with 
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aging. Based upon this observation, Roberts and 
colleagues established an aged mouse model that has a 
longer course of virus replication and more severe 
pathological changes in the respiratory tract than what is 
observed in young mice [10], which indicates that it is 
an appropriate animal model paralleling aged humans, 
in terms of susceptibility to SARS-CoV. 

Adoptive antibody transfer has been used to prevent 
and treat infectious diseases with a long history [11]. It 
thus provides a candidate strategy for protection of host 
from SARS-CoV infection. Yo and colleagues found 
that infusion of convalescent plasma resulted in 
beneficial clinical outcomes in SARS patients [12]. 
Subbarao et al verified that passive transfer of SARS- 
CoV specific antisera reduces pulmonary viral titres in 
mice infected with SARS-CoV [13], indicating that 
hyperimmune sera against SARS-CoV could protect 
against this viral infection. On the other hand, equine 
antiserum has been successfully used to control various 
virus infections, such as rabies [14], HBV [15,16], and 
HIV [17,18]. Based on these evidence of the feasibility 
that equine antibody can be used for human diseases, we 
have developed an equine anti-SARS-CoV F(ab’), that 
can provide excellent protection from this virus 
infection, that we previously have tested in a BALB/c 
model [19]. 

However, vigorous tests in animal models must be 
conducted before further clinical trials to insure its 
efficacy. In this study, we confirmed the aged mouse 
model using additional assessing methods than previ- 
ously reported [10], and then tested the equine anti- 
SARS-CoV antibody in this model, in both preventive 
and therapeutic settings. As expected, the antibody 
exhibited a complete preventive effect and a consider- 
able therapeutic role against SARS-CoV infection in this 
animal model, providing strong evidence for potential 
application for this antibody in future clinical test. 


2. Materials and methods 
2.1. Virus and animals 


SARS-CoV (strains BJ-01 Genbank accession number 
AY278488, isolated during 10 Feb to 15 Mar 2003) was 
maintained in the Institute of Microbiology Epidemiology, 
AMMS, China, and propagated in Vero cells. The virus was 
released from infected cells by three freeze-thaw cycles and 
the titre was determined to be 1.13x10’ of 50% tissue 
culture infective doses (TCIDs9)/mL. All operations with 
SARS-CoV were performed in the Bio-Safety Level 3 (BSL- 
3) laboratory. 

To evaluate the susceptibility of aged BALB/c mice (12— 
14 months) to SARS-CoV infection, following light anesthe- 


tization with isoflurane, 1 x 10* TCIDso of 100 uL SARS-CoV 
particle suspension was administered intra nasally (i.n.) to the 
animals on day 0. Four mice from each group were sacrificed 
on days 1, 3, 5, 7, and 9 post infection (p.i.). The lungs of 
experimental animals were removed and homogenized in a 
10% (w/v) suspension of Leibovitz L-15 medium (Invitrogen). 
The viral titres and copies in the homogenates were then 
determined using cytopathic effect (CPE) and TaqMan real- 
time quantitative RT-PCR (qRT-PCR) assays, as described 
below. The pathology and the localization of SARS-CoV in the 
lungs of infected animals were determined by pathological 
observation and immunohistochemistry (IHC), as described 
below. 

To investigate the preventive role of the equine anti-SARS- 
CoV F(ab’), against the SARS-CoV infection, following 
anesthetization, the aged mice were injected intra peritoneally 
(1.p.) with the anti-SARS-CoV F(ab’), (1, 2, or 4 mg/kg body 
weight) or non-immunized normal horse antibody (4 mg/kg 
body weight), as a negative control, on day —1, the day before 
viral infection. Twenty-four hours later (day 0), the aged mice 
were challenged 1.n. with 1 x 10* TCIDs9 of SARS-CoV, and 
were sacrificed on day 2 p.i. The viral titre, copy and 
localization, as well as the pathologic changes in the infected 
animal lung were then determined with CPE, qRT-PCR, IHC, 
and pathological observation methods. 

To evaluate the therapeutic role of anti-SARS-CoV F(ab’), 
against SARS-CoV infection in the aged mice, the animals 
received 1.p. 100 pL of 1 x 10* TCIDs) SARS-CoV on day 0, 
followed by i.p. injection of the F(ab’), (10, 20, or 40 mg/kg 
body weight) or normal horse antibody (40 mg/kg) lacking 
neutralizing activity as a negative control on day | p.i. The 
viral titre, copy and localization, as well as the pathologic 
changes in the infected animal lung were determined on day 3 
and 4 p.i. respectively. 


2.2. Cytopathic effect and qRT-PCR assay 


The real-time quantitative TaqMan PCR and CPE assays 
were used to determine SARS-CoV titre and copies in the 
lungs of SARS-CoV infected or mock infected aged mice. As 
described previously [19], the number of SARS-CoV N gene 
copies was determined by qPCR and the CPE assays were 
conducted on cultured Vero E6 cells. 


2.3. Histopathology and immunohistochemistry 


Aged mice were anesthetized with isoflurane and eutha- 
nized by cervical dislocation on the indicated day following 
virus administration or anti-SARS-CoV F(ab’), injections. 
The lung tissue was fixed with 10% neutral buffered formalin, 
embedded in a paraffin block, and processed for routine 
histology and IHC (avidin-biotin peroxidase complex tech- 
nique, ABC) detections as described by Subbarao et al [13]. 
For IHC, the purified equine anti-SARS-CoV IgG (1:10,000) 
was used as the detecting antibody and 3,3’-diaminobenzidine 
(DAB) as the chromogenic substrate. 
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2.4. Statistical analysis 


Statistical analyses were performed by 1-way ANOVA or/ 
and multiple comparison (Scheffe) and Student’s ¢ test. All 
graphs represent the mean+SEM. 


3. Results 


3.1. Establishment of the animal model susceptible to SARS-CoV 
infection 


Virus titres increased from day 1 p.i., and peaked (about 
1x 10° TCIDs0/g lung tissue) on day 3 p.i.(Fig. 1A). Titres 
sustained at high level until day 5 p.i. (about 1 x 10° TCID50/g), 
but decreased rapidly thereafter to undetectable levels by day 
7 p.i. (Fig. 1A), similar to that observed by Roberts [10]. The 
qRT-PCR assays verified the course of the viral titre changes 
(Fig. 1B). On days 1 and 3 p.i., the virus experienced its peak 
copies of 1 x 10'°/g lung tissue. However, on day 7 p.i., when 
viral titres were undetectable by CPE assay, several thousand 
copies of virus could still be detected with qRT-PCR (Fig. 1B). 

The severity of pathology was concordant with the amount 
of virus in the lung. The course of pathological changes was 
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Fig. 1. Replication of SARS-CoV in the lung tissue of aged mice. Aged 
mice were administered 1 x 10* TCIDs,) of SARS-CoV on day 0. Virus 
titres and copies in lung homogenates were measured at the indicated 
days p.i., and shown as mean values, calculated from four mice per 
day. Error bars indicate standard errors. Panel A: CPE assays of virus 
titres in aged mice lungs. Virus titres are expressed as log;y TCIDs59 per 
gram of lung tissue. The lower limit of detection of virus in a 10% w/v 
suspension of lung homogenate is 1.5 log;gT'CIDso per gram (dotted 
line). Panel B: TaqMan real-time RT-PCR assays of virus copies in 
infected aged mice lungs. Copies of N gene derived from SARS-CoV 
were expressed as absolute copies of N gene per gram of lung tissue. 


observed systemically. On day | p.i., the pathological changes 
were mild and the lung tissue construction roughly remained 
normal, except for some small vessel dilatation and congestion, 
and edema in alveolar spaces (Fig. 2C, arrows), compared with 
normal mouse lung (Fig. 2A). Viral invasion of bronchial 
epithelial cells and, to a less extent, alveolar epithelial cells 
adjacent to the bronchi were observed (Fig. 2D). On day 3 p.1., 
there was a large degree of inflammatory cell infiltration, mainly 
involving mononuclear cells and lymphocytes, around the bron- 
chi (Fig. 2E, arrows). We observed focal hemorrhages around 
small vessels (Fig. 2E, arrowhead), interstitial pneumonia, and 
shedding of bronchial epithelial cells into the bronchial lumen 
(Fig. 2E arrow and F). In addition to bronchial epithelial cells, 
alveolar epithelial cells were infected extensively (Fig. 2F). On 
day 5 p.i., there was considerable inflammatory cell infiltration 
that surrounded the bronchi. Shedding of epithelial cells and 
diffusion of blood cells into bronchial lumen were observed 
(Fig. 2G arrow and arrowhead). There was obvious effusion in 
the bronchial lumen, as well. The interstitial pneumonia had 
become more severe than that observed on day 3 p.i. (Fig. 2G). A 
large viral load was also observed in animal lungs on this day 
(Fig. 2H). On day 7, there appeared to be apparent focal conso- 
lidation (Fig. 21 arrowhead) and focal necrosis in the lung, 
accompanied by considerable inflammatory cell infiltration 
around the bronchi and small vessels (Fig. 21 arrow). However, 
by this day, the amount of virus had diminished markedly, such 
that only small amounts of virus could be observed around the 
bronchi (Fig. 2J). On day 9, consolidations were more obvious 
than those observed on day 7 (Fig. 2K arrows), accompanied by 
focal necrosis, inflammatory cell infiltration, and moderate inter- 
stitial pneumonia, with still some evidence of effusion in the 
bronchial lumen (Fig. 2K). However, almost no virus could be 
observed on this day (Fig. 2L). 


3.2. Prevention of SARS-CoV infection by equine anti-SARS-CoV 
F(ab')> fragments 


Because the results from the above experiments demonstrat- 
ed that the viral titres in virus-inoculated animal lungs were 
highest during days 1—S p.1i., we injected the indicated amounts 
of equine anti-SARS-CoV F(ab’), into mice on day-1 (minus 1) 
and challenged them with 1x 10* TCIDs9 of SARS-CoV on 
day 0. Then, we investigated the protective roles of antibody 
against virus infection on day 2 p.i. and whether the protective 
role was antibody dose-dependant. CPE assays showed that 
4 mg/kg body weight of the antibody could completely neu- 
tralize the virus in inoculated animal lungs (Fig. 3A). Even at half 
the effective dosage (2 mg/kg), the antibody provided 
remarkable protective effect (Fig. 3A). In contrast, injection of 
non-immunized normal equine F(ab’), at 4 mg/kg did not protect 
the aged mice against SARS-CoV infection, similar to the virus 
positive control (Fig. 3A). Accordingly, the qRT-PCR assay also 
demonstrated that 4 mg/kg body weight of the antibody could 
completely clear the inoculated virus from the experimental 
lungs, as we could not detect the SARS-CoV N gene in the lung 
homogenates at this dose (Fig. 3B). Similar to our observation 
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Fig. 2. Histopathological observations and IHC assays on the lung tissue of aged mice with SARS-CoV infection. Aged mice were administered 
1 x 10* TCIDs,) of SARS-CoV on day 0. The experimental animal lungs were fixed with formalin and then stained with hematoxylin-eosin (HE) for 
pathological observation, or examined with IHC assay with anti-SARS-CoV F(ab’), as the primary antibody (1:10,000) and DAB as a chromogenic 
substrate. Lung tissue from normal mice (A) and from study animals on days | (C), 3 (E), 5 (G), 7 (1), and 9 (K) p.i. was examined by means of HE 
staining. The distribution of SARS-CoV in the affected animal lungs was determined using IHC in normal animal lung (B) and in animals inoculated 
with the virus on days | (D), 3 (F), 5 (H), 7 (1), and 9 (L) p.i1. To assay the therapeutic effect, animals were treated with 40 mg/kg of antibody after viral 
exposure and the lungs were analyzed on day 4 p.i. (Panel M and N). The selected figures are representative of the four animals per group. 
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Fig. 2. (continued ). 


above, treatment with 2 g/kg body weight of antibody resulted in 
about 100-fold decrease of virus load in inoculated animal lungs 
(Fig. 3B). In the control group, we could still detect about 10'° 
copies of N genes, which did not differ from those observed in 
the virus positive control group (Fig. 3B). 


3.3. Therapeutic role of equine anti-SARS-CoV F(ab')> 


The therapeutic role of equine anti-SARS-CoV antibody 
against SARS-CoV infection, and whether this role is antibody 
dose-dependant, were investigated further in this same aged 
mouse model. Each aged mouse was inoculated with 
1x10* TCID5)7 SARS-CoV on day 0, and received an ip. 
injection of the indicated dose of F(ab’)s on day 1. Because the 
half-life of the prepared F(ab’), fragments is 60 h (as deter- 


mined in rats, data submitted), we measured the therapeutic 
role of the antibody on days 3 and 4 p.i. When the equine 
neutralizing antibody was administered after virus inoculation, 
40 mg/kg of antibody could relieve the pathological lesions 
and viral load in animal lungs (Panel 2M and 2N) on day p.1. 4, 
compared to virus control (Panel 2E—H). On the same day, 
animal lungs showed mild to moderate interstitial pneumonia 
and lung consolidation, but the morphological structure of the 
lung was roughly normal (Panel 2M and 2N). The CPE assays 
indicated that 40 mg/kg of F(ab’). could exert a significant 
therapeutic effect on the inhibition of SARS-CoV infection, 
because animals protected with this dose of SARS-CoV 
specific antibody experienced a markedly decreased viral load 
in their lungs, compared with the negative antibody controls 
(p<0.01)(Fig. 4A). As expected, the therapeutic efficiency of 
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Fig. 3. Prevention of SARS-CoV infection in aged mice. The indicated 
amount of equine anti-SARS-CoV F(ab’), fragments was injected 1.p. 
into aged mice on day-1 and the animals were challenged with 
1x 10* TCIDso of SARS-CoV in. on day 0. Virus titres and copies in 
lung homogenates were measured on day 2 p.1., and shown as mean 
values, calculated from four mice per group. Error bars indicate 
standard errors. Panel A: CPE assays of virus titres in aged mice lungs. 
Virus titres are expressed as log;y)TCIDs50/g lung tissue. The lower limit 
of detection of virus in a 10% w/v suspension of lung homogenate is 1.5 
log;o'CIDso9 per gram (dotted line). Panel B: (RT-PCR assays of virus 
copies in experimental animal lungs. Copies of N gene derived from 
SARS-CoV were expressed as absolute copies of N gene/g of lung 
tissue. The antibody-negative control mice received the indicated 
amount of non-immune equine antibody. *p<0.01 (1-way ANOVA 
assay) compared with 4 mg/kg of non-immune equine antibody control. 


this kind of antibody on day 4 was similar to that on day 3 (Fig. 
4A). In contrast, the negative antibody control, non-immune 
equine F(ab’)>, did not provide any neutralizing effect on the 
virus (Fig. 4A). Our qRT-PCR assays further confirmed those 
results in CPE assays (Fig. 4B). The dose of 40 mg/kg F(ab’), 
fragments could partially, but significantly decrease viral 
copies in infected animal lungs, about 1000 folds when 
compared to the untreated animals (Fig. 4B). 


4. Discussion 


Roberts has established the aged mouse model for 
infection of SARS-CoV (Urbani isolate) by using 


pathological observation and CPE assay [10]. As this 
aged mouse model has not been studies extensively, we 
employed additional methods to assess and verify the 
aged mouse model. We were able to infect aged BALB/c 
mice with SARS-CoV (BJ-01 strain) through 1.n. 
inoculation, and could demonstrate the virus replicated 
effectively in the lungs of infected animals. Using the CPE 
assay, we observed rapid virus propagation after day 1 p.1., 
which peaked on day 3 p.i. (1 x 10°—10” TCIDs0/g), and 
thereafter diminished gradually. However, it still sus- 
tained high titres (about 10° TCIDso) on day 5 p.i., similar 
to that reported by Roberts [10]. Quantitative PCR results 
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Fig. 4. Therapeutic effect of equine anti-SARS-CoV F(ab’), on SARS- 
CoV infection in aged mice. The animals were challenged with 
1x 10* TCIDs) of SARS-CoV on day 0 in. and protected with icp. 
injection of the indicated amount of anti-SARS-CoV F(ab’), fragments 
on day | p.i. Virus titres and copies in lung homogenates were measured 
on the indicated days, and shown as mean values, calculated from four 
mice per group. Error bars indicate standard errors. Panel A: CPE 
assays of virus titres in aged mice lungs. Virus titres are expressed as 
log;9T'CIDs59 per gram of lung tissue. The lower limit of detection of 
virus in a 10% w/v suspension of lung homogenate is 1.5 log;gTCIDs0 
per gram (as shown by dotted line). Panel B: qRT-PCR assays of virus 
copies in experimental animal lungs. Copies of N gene derived from 
SARS-CoV were expressed as absolute copies of N gene per gram of 
lung tissue. The antibody-negative control mice received the indicated 
amount of non-immune equine antibody. *p<0.01 (1-way ANOVA 
assay) compared with 40 mg/kg of non-immune equine antibody 
control. 
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showed that expression pattern of the viral N gene 
paralleled the viral titre changes, confirming our results 
from the CPE assay. Though we failed to detect any virus 
present on day 7 p.i. using the CPE assay, qRT-PCR 
showed thousand copies of virus in the lungs of some 
animals (2/4) (Fig. 1B). This could reflect the sensitivity 
difference between the CPE and real-time RT-PCR 
assays. CPE assay is not an absolute quantitative method, 
thus it cannot provide concrete virus number in certain 
sample. On the other hand, Taqman fluorescent qPCR 
assay can detect even single copy gene [20], thus it can 
provide more details for the molecular mechanism of 
SARS-related pathogenesis and the evaluation of various 
intervening strategies than CPE method can. Therefore, in 
this study we demonstrated the usefulness of qRT-PCR 
over the CPE assay to accurately determine virus 
replication, which allowed us to establish a model for 
SARS-CoV infection. 

Surprisingly, Roberts observed the illness in SARS- 
CoV infected mice [10], but in this study, we could not 
observe the symptom development related with SARS- 
CoV infection in aged mice. We speculate that this may 
be related to the observation and calculation methods for 
clinical disease and surrounding factors such as feeding, 
since we observed that the body weight of some normal 
control mice could increase or decrease 1—2 g during the 
one-week observation. 

Concordant with the observation of Roberts’ [10], we 
found definitive pathological changes in the lungs of 
infected animals. Furthermore, we have also systemati- 
cally defined the pathological changes in infected 
animal lungs. The typical pathological changes were 
interstitial pneumonia (when large amounts of virus 
infected the bronchi epithelial and alveolar cells) 
(Fig. 2C—H), and multiple focal lung consolidations 
(when virus titres began diminishing) (Fig. 2I-L), when 
compared to normal mouse controls (Fig. 2A and B). 
The two major pathological changes were similar to 
those observed in patients with SARS [21-26]. 

Although detailed tissue studies of SARS-CoV 
infection in patients’ lung have not been performed, 
based on the symptoms and signs, indirect evidence 
including radiographic features, and partial direct evi- 
dence including throat wash and autopsies [8,27,28], it 
appears that the pathological course of infection is 
similar to that observed in aged mice. Thus, even though 
we did not detect evidence of disease development in 
infected mice, detailed tissue studies reported here 
support the validity of the aged mice model. Importantly, 
the close correlation between the degree of pathological 
change and virus titres or virus copies in the aged mouse 
model [10] indicates that the mouse model serves as 


credible system to investigate the effectiveness of 
various interventions against SARS-CoV infection. 

A recent study of the humoral immune response of 
SARS patients indicated that patients with a longer 
course of illness showed a lower neutralizing antibody 
response than patients with a shorter illness duration 
[29]. This indicates that neutralizing antibodies in 
patients play a pivotal role in SARS-CoV clearance 
in vivo. Accordingly, we have generated equine anti- 
SARS-CoV F(ab’). and shown significant protection 
against SARS-CoV infection in a young BALB/c mouse 
model [19]. Complete neutralization of the virus in 
infected aged mouse was achieved with 4 mg/g body 
weight of this antibody in a preventive setting (Fig. 3). In 
addition, the protected animals did not show patho- 
logical changes in their lungs (data not shown). Similar 
results were also observed in young mice that received 
comparable amount of the equine antibody [19]. Even 
though we did not examine the therapeutic role of this 
antibody in young mice due to the short infection endu- 
rance (about 3 days) [19], we have achieved great 
success using this antibody to treat SARS-CoV infection 
in aged mice, which have longer infection endurance 
(about 5 days) (Fig. 4). This level of protection observed 
(1000-fold decrease in viral load), although not com- 
plete, is remarkable, considering that the circulating 
antibodies can only neutralize the extracellular SARS- 
CoV. Our results also suggest that in therapeutic settings 
it might be necessary to combine passive antibody 
transfer with other methods such as antiviral drugs and 
vaccines. 

The ideal immunoglobulin for adoptive transfer 
would be of autologous or homologous origin for the 
lowest anti-antibody response and humanized MAb can 
be taken as a good candidate in this respect. However, the 
issue of low MAb yield needs to be overcome when used 
in clinics. Polyclonal immunoglobulins can surmount 
the obstacle in antibody production. Another potential 
advantage using polyclonal antibody is the broad 
antigenic coverage and reduced likelihood of emergence 
of escape mutants. Among the various heterologous 
antibody approved, equine antibody is one of the 
appealing choices [11]. In view of the convenience of 
horse feeding and serum availability at the same time, the 
equine antibody treatment approach offers the advantage 
over monoclonal antibody. In spite of the availability of 
human or humanized MAbs in anti-SARS-CoV research 
[30—34], equine antibody is still an attractive candidate 
for the prevention and treatment of SARS patients. 

One potential problem with the equine immunoglo- 
bulins treatment is immunogenicity, but various mea- 
sures can be taken to reduce the immunogenicity to a 
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tolerable level, such as removing the Fc fragment. Our 
experimental data (submitted) from 18 monkeys that 
received intravenous injection of the truncated immu- 
noglobulin (removed the Fc fragment) showed mild 
stimulation in their immune response. All animal 
subjects survived the injection, and the motivated host 
secondary lymphoid organs, the spleen and lymph node, 
recovered after 3 weeks post injection withdraw. Since 
the host anti-F(ab’), antibody appears at 2 weeks post 
the F(ab’), administration (submitted data) and the 
almost complete neutralization of extracellular virus, 
application of this antibody will inhibit other normal 
tissue from infection, as shown in this study, thus 
preventing further transmission. This will allow the 
host’s immune system to clear the remaining virus or 
provide the chance for the intervention of other 
strategies such as antiviral drugs, RNAi and vaccines 
to ultimately eliminate the virus form the host. 

In summary, we have established and verified the 
aged mouse model, and confirmed that it parallels the 
pathological change pattern that occurs in older human 
patients suffering from SARS. More importantly, the 
equine polyclonal antibody used in this study exhibited 
an excellent therapeutic effect post virus exposure. 
Together with its proven protective role against SARS- 
CoV infection in young mice [19], we have provided 
strong evidence for the therapeutic application for this 
antibody in both treatment and prevention of SARS. 
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